The mechanisms by which H 2 S regulates inflammation remain unclear. Results: H 2 S inhibits NF-B p65 phosphorylation, nuclear translocation, DNA binding activity, and recruitment to MCP-1 promoter in ox-LDL-treated macrophages by targeting the free sulfhydryl group on cysteine 38 in p65.
Atherosclerosis is the most common cardiovascular disease and the leading cause of morbidity and mortality in many countries. However, the precise mechanism of atherosclerosis remains unclear. Inflammation is a pivotal factor throughout the whole process of atherosclerosis (1, 2) . The accumulation of cholesterol-rich lipoproteins in the artery wall results in the recruitment of circulating monocytes, their adhesion to the endothelium, and their differentiation into tissue macrophages. This initial process is predominantly mediated by monocyte chemoattractant protein 1 (MCP-1), which is a potent chemotactic factor for monocytes (3) and is also secreted by monocytes/macrophages (4, 5) .
Hydrogen sulfide (H 2 S), which has long been known as a toxic gas, is now regarded as a novel gasotransmitter (6) . Endogenous H 2 S is generated from L-cysteine, and the key enzymes that catalyze this process include cystathionine-␤-synthase (CBS), 3 cystathionine-␥-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (MPST) (7) (8) (9) . Endogenous H 2 S plays important regulatory roles in the development of a variety of cardiovascular diseases (10 -12) . Most interestingly, in recent years, evidence has accumulated to suggest important roles for H 2 S as a regulator of inflammation. H 2 S donors can inhibit lipopolysaccharide-induced formation of inflammatory mediators in macrophages (13) and decrease the levels of inflammatory cytokines such as IL-6 and TNF-␣ and other cytokines in rats with acute lung injury and endotoxic shock (14 -16) . Our research group demonstrated that H 2 S exerted an antiatherogenic effect in apoE Ϫ/Ϫ mice (16) . However, the mechanisms by which H 2 S regulates inflammatory molecules remain unclear. This study, therefore, was undertaken to examine the inhibitory role of H 2 S in MCP-1 expression induced by ox-LDL in macrophages and to determine whether NF-B signaling is involved as a pivotal regulatory pathway in this process.
MATERIALS AND METHODS
Cell Culture of THP-1 Monocytes and RAW Macrophages-THP-1 (a promonocytic cell line) and RAW macrophages were obtained from the ATCC (catalog no. TIB-202). Cells were grown in RPMI 1640 medium containing 10% FBS, 100 units/ml penicillin, and 100 units/ml streptomycin. THP-1 cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 and induced to differentiate into macrophages by incubation with phorbol 12-myristate 13-acetate (50 nmol/liter) for 24 h (17) . Macrophages were pretreated with NaHS for 30 min and stimulated with oxidized LDL (50 mg/liter) for the indicated times (18) .
Plasmids and Transfection-PIRES2-EGFP expression vectors for human p65 (wild-type) and human p65 C38S (a cysteine-to-serine mutation at the 38th position of p65) were purchased from JingSai Co. (Wuhan, China). THP-1-derived macrophages were plated 12-16 h before transfection at a density of 1 ϫ 10 6 cells/10-cm plate. The cells in each plate were transiently transfected with 8 g of p65 or p65 C38S plasmid using 20 l of Lipofectamine 2000 reagent (Invitrogen) per plate as described by the manufacturer. After 24 h, the cells were exposed to the indicated concentrations of ox-LDL, NaHS, and the sulfhydryl modifiers diamide or DTT. Total or nuclear proteins were then extracted after a designated time. Additionally, THP-1-derived macrophages were transfected with vehicle using the method described above. All transfection experiments were performed in duplicate and repeated separately at least three times.
Determination of CBS, CSE, MPST, and MCP-1 mRNA Expression by Quantitative Real-time PCR-Total RNA was extracted using TRIzol reagent and transcribed into cDNA using oligo(dT) 15 primer and moloney murine leukemia virus reverse transcriptase. Quantitative real-time PCR was performed on an ABI Prism 7300 instrument (Applied Biosystems, Foster, CA). The amplification conditions for the cDNA for CBS, CSE, MPST, and MCP-1 were as follows: denaturing at 94°C for 15 s, annealing at 60°C for 1 min, and polymerizing at 72°C for 30 s for 40 cycles. Samples and standards were determined in duplicate. TaqMan probes were modified by 5Ј-carboxyfluorescein and 3Ј-carboxytetramethylrhodamine. The primers used for human CBS were 5Ј-CCCCTATGGTCAGA-ATCAACAAG-3Ј (sense), 5Ј-GGCTGATGCGGTCCTTCA-3Ј (antisense), and 5Ј-AGTGTGAGTTCTTCAACGCGG-GCG-3Ј (TaqMan probe), and the expected product length was 111 base pairs. The primers used for human CSE were 5Ј-CCCAGTTCCTGGAATCTAATCCT-3Ј (sense), 5Ј-CACTG-ACGCTTCACCAACTCA-3Ј (antisense), and 5Ј-TAGAAAA-GGTTATTTATCCTGGGCTGCCCTCT-3Ј (TaqMan probe), and the expected product length was 91 base pairs. The primers used for human MPST were 5Ј-CCGAGACGGCATTGAAC-CT-3Ј (sense), 5Ј-CCTGGCTCAGGAAGTCTGTGA-3Ј (antisense), and 5Ј-CCACATCCCAGGTACCGTGAACATCC-3Ј (TaqMan probe), and the expected product length was 71 base pairs. The primers for human MCP-1 were 5Ј-CAGCAAGTGT-CCCAAAGAAGCT-3Ј (sense), 5Ј-TGCTTGTCCAGGTGGTC-CAT-3Ј (antisense), and 5Ј-TGATCTTCAAGACCATTGTGG-CCAAGG-3Ј (TaqMan probe), and the expected product length was 111 base pairs. GAPDH was used for normalization. The 5Ј and 3Ј primers for GAPDH were 5Ј-CAGTCAGCCGCATCTT-CTTTT-3Ј, 5Ј-GTGACCAGGCGCCCAATAC-3Ј, and 5Ј-CGT-CGCCAGCCGAGCCACA-3Ј (TaqMan probe), respectively, and the expected product length was 110 base pairs.
Measurement of CBS, CSE, and MPST Protein Expression by Western Blotting-Total protein from THP-1-derived macrophages was extracted in ice-cold protein lysis buffer containing 50 mmol/liter Tris-Cl (pH 7.4), 150 mmol/liter NaCl, 1 mmol/ liter ethylenediamine tetraacetic acid, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mmol/liter PMSF, and protease and phosphatase inhibitors. Protein samples (20 g) were separated by 10% SDS-PAGE and transferred onto a PVDF membrane. The membrane was incubated overnight with primary antibodies against CBS (Santa Cruz Biotechnology, Santa Cruz, California), CSE (Abnova Corp., Abnova, Taiwan, China), MPST (Santa Cruz Biotechnology), or GAPDH (Lab Version Corp., Fremont, CA) at 4°C and then incubated in HRP-conjugated secondary antibody. Immunoreactions were visualized by ECL and exposed to Kodak x-ray film (Eastman Kodak Co., Rochester, NY). GAPDH was used for normalization.
Measurement of H 2 S Content in Cell Supernatant-Cell supernatant H 2 S was measured using a sulfite electrode (PXS-270, Shanghai, China) (19, 20) . Briefly, 0.5 ml of antioxidant buffer (2.35 M NaOH and 0.27 M EDTA) was mixed with 0.5 ml of cell supernatant or standard S 2Ϫ solution (10, 20, 40, 60 , or 80 mol/liter, respectively) in the same volume. After being rinsed with distilled water and dried, the electrode was immersed into the sample. The electrode potential (voltage value, in millivolt) was recorded when the reading stabilized. The H 2 S concentration was calculated according to standard curve plotting by voltage value versus concentration on the basis of standard S 2Ϫ solution.
Measurement of Endogenous H 2 S Content in Cells-Endogenous H 2 S in cells was measured using a fluorescent probe (provided by Prof. Xinjing Tang, Peking University Health Science Centre, Beijing, China) as described previously (21) . Briefly, the culture supernatant of THP-1-derived macrophages was discarded and washed with PBS (0.01 mol/liter) three times. Then the cells were stained in the working liquid of the fluorescent probe for 30 min at 37°C, washed with PBS, and detected as blue fluorescence by confocal microscopy.
Measurement of MCP-1, TNF-␣, MIF, and IL-10 Content in Cell Supernatant by ELISA-Cell supernatant concentrations of MCP-1, TNF-␣, migration inhibition factor (MIF), and IL-10 were measured in duplicate by quantitative sandwich ELISA (R&D Systems, Minneapolis, MN) according to the instructions of the manufacturer. The kits for the assay utilized two monoclonal antibodies directed against separate antigens of human MCP-1, TNF-␣, MIF, and IL-10. The concentrations in the supernatant were calculated from the linear range of a standard curve.
Determination of MCP-1 Expression and NF-B p65 Nuclear Translocation by Immunofluorescence-For determination of MCP-1 expression and NF-B nuclear translocation, THP-1derived macrophages on slides were pretreated with 100 mol/ liter or 500 mol/liter NaHS for 30 min and stimulated with ox-LDL for 6 h or 30 min. They were fixed in 4% paraformaldehyde for 30 min, washed with PBS, blocked with 5% BSA in PBS for 30 min at 37°C, and then reacted with rabbit anti-human MCP-1 or NF-B p65 antibody (1:15 dilution in PBS) overnight at 4°C. After washing, slides were incubated for 1 h at 37°C with FITC-conjugated goat anti-rabbit IgG and propidium iodide and then viewed on a confocal fluorescent microscope. Green fluorescence indicated MCP-1 and NF-B p65 expressions, and red fluorescence represented nuclei. NF-B translocation occurred in cells in which green and red overlapped.
Measurement of Phosphorylation of NF-B p65 and IB␣ Protein by Western Blotting-Total protein in THP-1-derived macrophages was extracted in ice-cold protein lysis buffer containing 50 mmol/liter Tris-Cl (pH 7.4), 150 mmol/liter NaCl, 1 mmol/liter ethylenediamine tetraacetic acid, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mmol/liter PMSF, and protease and phosphatase inhibitors. Protein samples (20 g) were separated by 10% sodium SDS-PAGE and transferred onto a PVDF membrane. The membrane was incubated overnight with primary antibodies against phosphorylated NF-B or IB␣ (Cell Signaling Technology, Boston, MA) at 4°C and then incubated in HRP-conjugated secondary antibody. Immunoreactions were visualized by ECL and exposed on Kodak x-ray film (Eastman Kodak Co.). After exposure, the membrane was stripped with stripping solution for 30 min and then incubated overnight with primary antibodies against NF-B or IB␣ (Cell Signaling Technology) at 4°C. It was then incubated in HRP-conjugated secondary antibody and exposed.
Measurement of Sulfhydryl Group NF-B p65 Protein Expression by Western Blotting-Total protein in THP-1-derived macrophages was extracted in ice-cold protein lysis buffer, and cell lysates were incubated with EZ-link TM PEO-iodoacetyl biotin (10 mg/ml, Pierce) for 12 h at 4°C and then incubated with 30 l of UltraLink TM Immobilized Neutravidin TM (Pierce) for 4 h on a roller system at 4°C. The beads were washed twice with 1 ml of lysis buffer and three times with 1 ml of PBS. The measurement of sulfhydryl groups in the NF-B p65 protein was conducted by Western blotting and probed with rabbit anti-NF-B antibody (Cell Signaling Technology).
Modified Biotin Switch Assay for Sulfhydration-Sulfhydration of p65 was monitored by the modified biotin switch assay as described previously (22) . THP-1-derived macrophages were transfected with wild-type or mutant p65 (C38S) plasmid and then treated with or without NaHS for 30 min. The cells were homogenized in cell lysis buffer and centrifuged at 10,000 ϫ g for 10 min at 4°C. Cell lysates were added to blocking buffer (lysis buffer supplemented with 2.5% SDS and 20 mM S-methyl methanethiosulfonate) at 50°C for 20 min with frequent vortexing. Then the MMTS was removed by acetone, and proteins were precipitated at Ϫ20°C for 20 min. The proteins were resuspended in lysis buffer and incubated with EZ-link TM PEOiodoacetyl biotin (10 mg/ml). After incubation for 12 h at 4°C, biotinylated proteins were precipitated by 30 l of UltraLink TM Immobilized Neutravidin TM for 4 h on a roller system at 4°C. The beads were washed twice with 1 ml of lysis buffer and three times with 1 ml of PBS. The biotinylated proteins were eluted by SDS-PAGE sample buffer, subjected to Western blotting, and probed with rabbit anti-NF-B antibody.
Measurement of NF-B p65 Binding Activity by EMSA-Nuclear extracts were prepared using a commercial kit (catalog no. 78835) of NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific). In brief, cells were washed twice with icecold phosphate-buffered saline after incubation and suspended in buffer cytoplasmic extraction reagent I (CER I). The cells were then incubated on ice for 10 min, after which ice-cold buffer cytoplasmic extraction reagent II (CER II) was added. The tube was mixed thoroughly using a Vortex mixer for 10 s before centrifugation (16,000 ϫ g) at 4°C for 5 min. The nuclear pellets obtained were resuspended in ice-cold buffer nuclear extraction reagent and kept on ice for 35 min with intermittent agitation. The samples were then subjected to centrifugation for 10 min at 4°C, and the supernatant was stored at Ϫ70°C. The protein concentration was determined using a Bio-Rad protein assay kit.
The EMSA was carried out using a digoxigenin (DIG) gel shift kit (Roche Applied Science) according to the instructions of the manufacturer. Briefly, an oligonucleotide with the NF-B consensus binding sequence 5Ј-AGTTGAGGGACTTTCCC-AGGC-3Ј was used. The consensus oligonucleotide was labeled with DIG-11-dUTP according to the description of the manufacturer. The DNA probe was then incubated with 10 g of the nuclear extract at room temperature for 15 min. The protein-DNA complexes were then separated on a 6% polyacrylamide gel and electrically transferred to a nylon membrane (Roche Applied Science Biochemica) for chemiluminescent band detection. To examine the specificity of the binding, we used a cold competition experiment in which a 125-fold excess of the unlabeled oligonucleotide with the same sequence was added.
Measurement of NF-B p65 Binding Activity by ELISA-Nuclear extract preparation was performed as in the preceding section. Equal quantities of nuclear protein (10 g) were assayed for p65 NF-B activity by using the Trans-AM NF-B p65 transcription factor assay kit (Active Motif, Carlsbad, CA) according to the instructions of the manufacturer. Briefly, nuclear extracts were incubated in 96-well plates coated with immobilized oligonucleotide containing a consensus binding site for p65 NF-B. NF-B binding to the target oligonucleotide was detected by a primary antibody specific for the activated form of p65, visualized by anti-IgG horseradish peroxidase conjugate, and quantified at the wavelength of 450 nm.
Measurement of NF-B p65 Binding to the MCP-1 Promoter by ChIP-ChIP assays were performed according to the protocol of the EpiQuik TM chromatin immunoprecipitation kit (Epigentek, Farmingdale, NY). Cells were washed twice in PBS (10 mM, pH 7.4) and fixed with fresh fixation solution (1% formaldehyde) for 10 min at room temperature, followed by glycine stop-fix solution. Cells were washed twice with cold PBS, and then the PBS was poured off and discarded. Cells were scraped into ice-cold lysis buffer, followed by 10 min incubation on ice. Chromatin was sheared using 25% sonication power under optimized conditions (10 pulses of 20 s each with a 30-s rest on ice between pulses) to an average DNA size of 600 bp, and lysates were cleared by centrifugation at 14,000 ϫ g for 10 min at 4°C. Immunoprecipitations were performed overnight at 4°C with 10 l of the NF-B p65 antibody, and chromatin was eluted as described in the instructions of the manufacturer. The cross-links were reversed, and DNA was purified with the addition of proteinase K. DNA was analyzed by PCR. Primer sequences for the amplification of MCP-1 were as follows: 5Ј-CCAGCCAAATGCATTCTCTTCTA-3Ј (forward) and 5Ј-GAGGTCAGTGCTGGCGTGA-3Ј (reverse).
Statistical Analysis-SPSS13.0 for Windows was used to analyze the data (SPSS Inc., Chicago, IL). Results were expressed as mean Ϯ S.D. Comparisons among groups involved one-way analysis of variance followed by the least significant difference test. p Ͻ 0.05 was considered statistically significant.
RESULTS

Changes in Endogenous H 2 S Pathway in Ox-LDL-induced,
THP-1-derived Macrophages-We detected the changes in the H 2 S level and H 2 S synthase expression depending on the duration of treatment with ox-LDL. Using a sulfite electrode, we found that H 2 S levels in the supernatant were much lower in THP-1-derived macrophages treated with ox-LDL for 6, 12, and 24 h than in untreated THP-1-derived macrophages (Fig.  1A) . In agreement, the endogenous H 2 S in THP-1-derived macrophages was also decreased after ox-LDL treatment for 3-24 h (Fig. 1B) . We further explored the expression of CBS, CSE, and MPST, the key enzymes catalyzing endogenous H 2 S, in ox-LDL-induced, THP-1-derived macrophages. Western blotting showed that CBS protein expression was much lower in THP-1-derived macrophages treated with ox-LDL for 6, 12, and 24 h than in untreated THP-1-derived macrophages (Fig.  1C ). Real-time PCR and agarose gel electrophoresis indicated that CBS mRNA expression was much lower in THP-1-derived macrophages treated with ox-LDL for 3, 6, and 12 h than in untreated THP-1-derived macrophages (Fig. 1D) , whereas CSE and MPST mRNA and protein expressions did not change (Fig.  1, E and F) .
H 2 S Inhibited MCP-1, TNF-␣, MIF, and IL-10 Content and MCP-1 Expression in Ox-LDL-stimulated, THP-1-derived Macrophages and RAW Macrophages-To explore the effect of H 2 S on MCP-1, TNF-␣, MIF, and IL-10 content, THP-1-derived macrophages were pretreated with NaHS (100 mol/liter or 500 mol/liter) and hexyl acrylate (HA, a CBS inhibitor, 50 mol/liter), and then stimulated with ox-LDL (50 mg/liter) for 24 h. Firstly, we detected endogenous H 2 S expression in these groups and found that HA stimulation indeed inhibited H 2 S expression in THP-1-derived macrophages, whereas NaHS treatment up-regulated ox-LDL-suppressed endogenous H 2 S levels ( Fig. 2A) . Then, ELISA analysis showed that the MCP-1, TNF-␣, and MIF contents in the supernatant were much higher, whereas IL-10 content was much lower, in THP-1-derived macrophages treated with ox-LDL for 24 h than in untreated THP-1-derived macrophages (all p Ͻ 0.05). HA treatment increased MCP-1, TNF-␣, and MIF contents and decreased IL-10 content, whereas NaHS treatment at 100 mol/liter and 500 mol/liter decreased MCP-1, TNF-␣, and MIF contents but increased the IL-10 content in cell supernatant in ox-LDL-stimulated, THP-1-derived macrophages (Fig.  2B) . We also repeated the evaluation of the effect of H 2 S on MCP-1 content in mouse RAW macrophages and found similar results (Fig. 2C ). Confocal images showed that MCP-1 protein expression increased greatly when treated with ox-LDL for 6 h, whereas NaHS treatment at 100 mol/liter and 500 mol/liter significantly suppressed MCP-1 protein expression in ox-LDLstimulated THP-1-derived macrophages (Fig. 2D) .
We also examined MCP-1 mRNA expression by real-time PCR. The results showed that MCP-1 mRNA expression increased markedly when treated with ox-LDL for 2 h. HA treatment further increased MCP-1 mRNA expression, whereas NaHS treatment at 100 mol/liter and 500 mol/liter significantly suppressed MCP-1 mRNA expression in ox-LDL-stimulated, THP-1derived macrophages ( Fig. 2E) .
H 2 S Inhibited the NF-B p65 Pathway during Ox-LDLstimulated Macrophage Inflammation-Considering that the NF-B pathway is the key element mediating inflammation, we studied the effect of H 2 S on the NF-B pathway during ox-LDL-stimulated macrophage inflammation by examining p65 phosphorylation, nuclear translocation, DNA binding activity, and recruitment to the promoter of MCP-1. Firstly, we examined the effect of H 2 S on NF-B p65 phosphorylation in ox-LDL-stimulated THP-1-derived macrophages and RAW macrophages. THP-1-derived macrophages and RAW macrophages were stimulated with ox-LDL in the presence or absence of NaHS (at 100 mol/liter or 500 mol/liter) for 30 min. Western blot analysis showed that phosphorylation of NF-B p65 was increased markedly during stimulation with ox-LDL, whereas NaHS treatment significantly suppressed NF-B p65 phosphorylation in ox-LDL-stimulated, THP-1-derived macrophages and RAW macrophages (Fig. 3, A and B ).
Furthermore, we tested the effect of H 2 S on NF-B p65 nuclear translocation in ox-LDL-stimulated THP-1-derived macrophages and RAW macrophages. THP-1-derived macrophages and RAW macrophages were stimulated with ox-LDL in the presence or absence of NaHS (at 100 mol/liter or 500 mol/liter) for 30 min. Immunofluorescence analysis showed that NF-B p65 nuclear translocation was promoted by ox-LDL stimulation, whereas NaHS treatment significantly inhibited NF-B p65 nuclear translocation in ox-LDL-stimulated, THP-1-derived macrophages and RAW macrophages (Fig. 4, A  and B) .
We then examined the effect of H 2 S on NF-B p65 DNA binding activity in ox-LDL-stimulated THP-1-derived macrophages. THP-1-derived macrophages were stimulated with ox-LDL in the presence or absence of NaHS (at 50 mol/liter, 100 mol/liter, or 200 mol/liter) for 30 min. Analysis by EMSA showed that NF-B p65 DNA binding activity increased significantly during ox-LDL treatment, whereas NaHS treatment significantly suppressed NF-B p65 DNA binding activity in ox-LDL-stimulated, THP-1-derived macrophages (Fig. 5A) . To further confirm the inhibitory effect of H 2 S on NF-B p65 DNA binding activity, we performed ELISA, a more sensitive analysis, and found that NF-B p65 DNA binding activity was promoted significantly by ox-LDL treatment. Meanwhile, NaHS treatment significantly inhibited NF-B p65 DNA binding activity in ox-LDL-stimulated, THP-1-derived macrophages (Fig. 5B ).
Next, we used a ChIP assay to investigate whether the inhibitory effect of H 2 S resulted from disrupting NF-B p65 recruitment to the promoter region of MCP-1 genes in ox-LDL-stimulated, THP-1-derived macrophages. THP-1-derived macrophages were stimulated with ox-LDL in the presence or absence of NaHS (at 100 mol/liter) for 30 min. The result showed that the recruitment of NF-B p65 to the promoter region of MCP-1 genes was increased significantly with ox-LDL treatment, whereas NaHS treatment significantly suppressed the recruitment of NF-B p65 to the promoter region of MCP-1 genes in ox-LDL-stimulated, THP-1-derived macrophages (Fig. 5C ).
H 2 S Functions on NF-B p65 via Free Sulfhydryl Groups in Ox-LDL-stimulated, THP-1-derived Macrophages-To exam-
ine whether H 2 S acts on NF-B p65 via its free sulfhydryl groups, we detected the free sulfhydryl groups of NF-B p65 by Western blotting after stimulating THP-1-derived macrophages with ox-LDL in the presence or absence of NaHS (at 100 mol/liter) for 30 min. The results showed that free sulfhydryl groups in a number of NF-B p65 were increased markedly when treated with ox-LDL, whereas NaHS treatment signifi- cantly suppressed the level of free sulfhydryl groups in ox-LDLstimulated, THP-1-derived macrophages (Fig. 6A ).
Next, we utilized the sulfhydryl modifiers DTT and diamide to determine the role of the sulfhydryl groups of NF-B p65 in the function of H 2 S on the NF-B p65 pathway. We overexpressed p65 by transfecting a p65-expressing plasmid into THP-1 derived macrophages and then treated them with an H 2 S donor in the presence or absence of DTT and diamide. The EMSA and ELISA results showed that H 2 S suppressed the DNA binding activity of p65 and that DTT could reverse this effect, whereas diamide mimicked it (Fig. 6, B and C) . The results suggested that H 2 S functions on NF-B p65 via free sulfhydryl groups in ox-LDL-stimulated, THP-1-derived macrophages.
The Free Sulfhydryl Group on Cysteine 38 in NF-B p65 Is a Target of H 2 S-Next, to test how H 2 S sulfhydrated the NF-B p65 subunit, we transfected THP-1-derived macrophages with a wild-type or mutant p65 (C38S) plasmid for 48 h and then treated them with NaHS for 30 min. Sulfhydration of p65 was monitored by a modified biotin switch assay. As expected, H 2 S dramatically increased sulfhydration of p65 in THP-1-derived macrophages transfected with the wild-type p65 plasmid, and the process was concentration-dependent. However, mutation of cysteine-38 at the p65 subunit totally abolished H 2 S-elicited sulfhydration of NF-B, indicating that H 2 S sulfhydrated the p65 at cysteine 38 (Fig. 7A ).
To examine whether H 2 S inhibited NF-B activation by sulfhydrating cysteine 38 of NF-B p65, THP-1-derived macrophages were transfected with a wild-type or mutant p65 (C38S) plasmid for 48 h and treated with ox-LDL and NaHS for 30 min. We then detected the effect of H 2 S on p65 phosphorylation, nuclear translocation, DNA binding activity, and recruitment to the promoter region of MCP-1 genes in ox-LDL-stimulated, THP-1-derived macrophages.
Compared with cells transfected with vehicle, NF-B p65 phosphorylation, nuclear translocation and DNA binding activity were increased markedly in cells transfected with the wild-type or mutant p65 (C38S) plasmid, whereas H 2 S significantly prevented ox-LDL-induced NF-B activation in cells transfected with the wild-type p65 plasmid. Notably, the inhibitory effects of H 2 S on p65 phosphorylation, nuclear translocation, and DNA binding activity were abolished in cells expressing the mutant p65 (C38S) plasmid (Fig. 7, B-E) . Thus, these results indicated that H 2 S inhibited NF-B activation by targeting the free sulfhydryl group on cysteine 38 in the NF-B p65 subunit.
H 2 S Inhibited IB␣ Degradation and Phosphorylation-The translocation of NF-B to the nucleus is preceded by the phosphorylation and degradation of IB␣. To determine whether the inhibition of ox-LDL-induced NF-B activation by H 2 S was related to IB␣ degradation, we pretreated THP-1-derived macrophages with NaHS and then exposed the cells to ox-LDL for 30 min. Western blot analysis revealed that ox-LDL induced IB␣ degradation and increased the phosphorylation of IB␣, whereas H 2 S blocked the effects of ox-LDL on IB␣ degradation and phosphorylation (Fig. 8) . These results indicated that H 2 S inhibited ox-LDL-induced NF-B activation not only through the sulfhydration of p65 subunit but also suppressed IB␣ degradation and phosphorylation.
DISCUSSION
H 2 S is an active gasotransmitter with features of low molecular weight, continuous production, quick diffusion, and wide biological effects (23, 24) . Previous studies have demonstrated that H 2 S can inhibit macrophage-derived foam cell formation (16, (25) (26) . Our research group confirmed that H 2 S generation in vessels was decreased in apoE Ϫ/Ϫ mice and that it was an important factor in the formation and development of atherosclerosis (16) . Therefore, we inferred that there might be some changes in H 2 S levels in the cell supernatant of macrophages stimulated with ox-LDL.
We detected the alteration of the endogenous H 2 S pathway in THP-1-derived macrophages, including H 2 S level, in the cell and supernatant and the expression of the three key enzymes CBS, CSE, and MPST. We found that H 2 S levels, CBS mRNA, and protein expression were much lower in ox-LDL treated, THP-1-derived macrophages than in untreated, THP-1-derived macrophages, whereas CSE and MPST expression did not change. Therefore, we hypothesized that CBS, CSE, and MPST were all expressed in THP-1-derived macrophages and that a down-regulated endogenous CBS/H 2 S pathway was probably involved in the mechanisms responsible for the regulation of macrophage inflammation. MCP-1, TNF-␣, MIF, and IL-10 are important cytokines in the regulation of inflammation (27) (28) (29) (30) (31) . We studied the possible impact of H 2 S on MCP-1, TNF-␣, MIF, and IL-10 secretion in macrophages. The results show that HA treatment increased MCP-1, TNF-␣, and MIF contents but decreased IL-10 content, whereas NaHS treatment (at 100 mol/liter and 500 mol/liter) decreased MCP-1, TNF-␣, and MIF contents and increased IL-10 content in cell supernatant from ox-LDL-stimulated, THP-1-derived macrophages. In another cell line, mouse RAW macrophages, the inhibitory effect of H 2 S on MCP-1 content was similar. At the same time, NaHS treatment (at 100 mol/liter and 500 mol/liter) significantly decreased MCP-1 protein and RNA expression in ox-LDL-stimulated, THP-1-derived macrophages. These results suggest that H 2 S might inhibit secretion and expression of MCP-1 in ox-LDLstimulated macrophages, which might be significant in the protection against atherosclerosis.
We then studied how H 2 S inhibits MCP-1 generation. It is widely accepted that NF-B is required for full induction of MCP-1 (32) (33) (34) (35) (36) . NF-B is a key transcription factor widely distributed in most cell types. It mainly consists of dimers of the two subunits p50 and p65 (Rel A), and the p65 protein is the key transcriptionally active component of NF-B. In non-stimulated cells, it exists in the cytoplasm in an inactive form associated with an inhibitory protein called IB. The release of the inhibitory IB subunit from the complex, followed by phosphorylation and translocation of the dimer to the nucleus, leads to the activation of NF-B (37). In the nucleus, it regulates the transcription of many genes (37, 38) . We hypothesize that NF-B is likely to be involved in the underlying mechanism by which H 2 S inhibits secretion and expression of MCP-1 in ox-LDL-stimulated macrophages.
To test the hypothesis, we first examined the effect of H 2 S on the phosphorylation of NF-B p65 in ox-LDL-stimulated, THP-1-derived macrophages. Phosphorylation of NF-B p65 was increased greatly in ox-LDL-stimulated, THP-1-derived macrophages. In contrast, NaHS treatment at 100 mol/liter and 500 mol/liter significantly decreased the phosphorylation of NF-B p65 in ox-LDL-stimulated, THP-1-derived macrophages. Furthermore, NF-B p65 translocation to the nucleus was up-regulated in ox-LDL-stimulated, THP-1-derived macrophages, whereas NaHS treatment (at 100 mol/liter and 500 mol/liter) significantly suppressed NF-B p65 translocation to the nucleus in ox-LDL-stimulated, THP-1-derived macrophages.
To further confirm the inhibitory effect of H 2 S on NF-B p65 phosphorylation and translocation to the nucleus in macrophages, we performed the experiment in the RAW macrophage cell line and obtained similar results. These results suggested that H 2 S inhibited MCP-1 expression via suppression of NF-B p65 phosphorylation and translocation to the nucleus in macrophages.
Following translocation to the nucleus, the p65-p50 dimer binds to the promoters of NF-B-dependent inflammatory genes to induce their expression. Therefore, we further detected the inhibitory effect of H 2 S on NF-B p65 DNA binding activity. An EMSA study showed that NF-B p65 DNA binding activity was increased significantly in ox-LDL-stimulated, THP-1-derived macrophages, whereas NaHS pretreatment (at 50 mol/liter, 100 mol/liter, and 200 mol/liter) significantly suppressed NF-B p65 DNA binding activity in ox-LDL-stimulated, THP-1-derived macrophages.
ELISA, a more sensitive method for testing NF-B p65 DNA binding activity, confirmed the inhibitory effect of H 2 S on NF-B DNA binding activity. The results showed that NF-B p65 DNA binding activity was up-regulated by ox-LDL treatment, whereas NaHS pretreatment significantly inhibited NF-B p65 DNA binding activity in ox-LDL-stimulated, THP-1-derived macrophages. These results suggested that H 2 S inhibited MCP-1 expression via suppression of NF-B p65 DNA binding activity in ox-LDL-stimulated, THP-1-derived macrophages.
We then tested whether H 2 S inhibited NF-B p65 binding to the promoter region of MCP-1 genes in ox-LDL-stimulated, THP-1-derived macrophages. The ChIP assay is a powerful tool for identifying proteins associated with specific regions of the genome, which uses antibodies that recognize the specific protein or specific modification of the protein. The ChIP results showed that the recruitment of NF-B p65 to the promoter region of MCP-1 genes increased significantly during ox-LDL treatment, whereas NaHS treatment at 100 mol/liter significantly suppressed the recruitment of NF-B p65 to the promoter region of MCP-1 genes in ox-LDL-stimulated, THP-1derived macrophages. Therefore, we deduced that H 2 S inhibited MCP-1 expression by inhibiting the recruitment of NF-B p65 to the promoter region of MCP-1 genes.
It is possible that H 2 S inhibits the binding of NF-B p65 to DNA by modification of the NF-B protein. Sulfhydration of NF-B appears to be a posttranslation modification of p65, required for its transcriptional influence on antiapoptotic genes (39) . Sulfhydration is a physiological process whereby H 2 S attaches an additional sulfur to the thiol (-SH) groups of cysteines, yielding a hydropersulfide (-SSH) (22, 40) . The transformation of disulfide bridges into sulfhydryl groups of the cysteine-containing proteins at the center of cytochrome c oxidase was regarded as the mechanism for intoxication of H 2 S (41). Thus, the free sulfhydryl groups of the cysteine-containing proteins may be effective targets of H 2 S (42). We wondered whether H 2 S inhibited NF-B by sulfhydration. To see whether H 2 S targeted the sulfhydryl groups in the NF-B p65 protein, we first measured the ratio of NF-B p65 containing free sulfhydryl groups to total NF-B p65 protein in THP-1-derived macrophage cells incubated with an H 2 S donor. After treatment with the H 2 S donor, the ratio was decreased significantly. However, DTT could reverse this effect of H 2 S. These results suggest that H 2 S could target the sulfhydryl group and decrease the level of reduced thiol in the NF-B protein in THP-1-derived macrophage cells. This effect could be reversed by thiol reductants, suggesting a role for the thiol group in the action of NF-B by H 2 S. Cysteine 38 in NF-B p65 is highly sensitive to various agents (43) (44) (45) (46) (47) (48) (49) . The importance of cysteine 38 in p65 has been appreciated for many years. Cysteine 38 in p65 interacts with the phosphate backbone of NF-B binding sites (48), whereas its oxidation or nitrosylation is known to inhibit DNA binding (49) . Moreover, it is the target of many NF-B inhibitors (45) (46) (47) . For example, Yadav et al. (45) found that 3-formylchromone, an anticancer agent, inhibited the direct binding of p65 to DNA and that this binding was reversed by a reducing agent, thus suggesting the role of the cysteine residue. Furthermore, in that study, mutation of Cys-38 to Ser in p65 abolished this effect of the chromone (45) . Taken together, cysteine 38 in p65 seems to be a crucial residue regulating the NF-B pathway. The above facts provide a necessary clue for our exploration to see whether the sulfhydryl group on cysteine 38 in p65 could be a possible target of H 2 S. This study showed that H 2 S dramatically increased sulfhydration of p65 in THP-1-derived macrophages transfected with the wild-type p65 plasmid, and the process was concentration-dependent. However, mutation of cysteine 38 at the p65 subunit totally abolished H 2 S-elicited sulfhydration of NF-B. Furthermore, we found that H 2 S inhibited phosphorylation of p65, nuclear translocation, and the DNA binding of wild-type p65 but failed to do so when cysteine 38 was replaced with serine in p65, which suggested that the free sulfhydryl group on cysteine 38 in the p65 acted as a target of H 2 S.
Sen et al. (39) found that CSE knockout blocked the TNF-␣induced DNA-binding activity of NF-B and cell death, which represented the physiological antiapoptotic mechanism for H 2 S. However, in this study, it was found that, under pathophysiological conditions, H 2 S inhibited nuclear translocation of NF-B in ox-LDL-induced, THP-1 derived macrophage inflammation, which represented the pathophysiological antiinflammation mechanism of H 2 S. Therefore, we supposed that the different effect of H 2 S on the NF-B pathway might depend upon different conditions (pathophysiologic or physiologic).
In this study, the data also showed that H 2 S suppressed the ox-LDL-induced phosphorylation and degradation of IB␣, suggesting that H 2 S inhibited NF-B activation not only through sulfhydrating p65 but also by means of preventing IB␣ activation. However, how H 2 S inhibited IB␣ activation remains to be elucidated.
In our previous study, we demonstrated that H 2 S exerted an antiatherogenic effect in apoE Ϫ/Ϫ mice (16) . In this study, we extended the mechanistic understanding that H 2 S inhibited ox-LDL-induced macrophage inflammation. Studies of CBS Ϫ/Ϫ mice by Namekata et al. (50) showed that CBS deficiency led to abnormal lipid metabolism. Considering that H 2 S is generated from homocysteine and cysteine by CBS, CBS deficiency might led to an increase in homocysteine but a decrease in H 2 S. Therefore, abnormal lipid metabolism in CBS Ϫ/Ϫ mice might be partly caused by insufficient H 2 S production, suggesting that H 2 S probably plays an important role in lipid metabolism. On the whole, it is suggested that H 2 S is a multitarget, antiatherogenic molecule at least exerting functions of inhibiting inflammatory response and likely improving abnormal lipid metabolism.
In conclusion, we discovered an inhibitory effect of H 2 S on macrophage inflammation via inhibiting phosphorylation of p65, nuclear translocation, and DNA binding activity and recruitment of p65 to the promoter region of the target gene. Importantly, the sulfhydryl group on cysteine 38 in p65 is the possible target of H 2 S in this process.
